We studied the biodegradation of compounds containing phosphorus-to-carbon bonds by using a wild-type strain of Penicillium notatum. The substrate specificity of this strain was studied, and we found that it is able to utilize structurally diverse organophosphonates as sole sources of phosphorus. This ability seems to be inducible, as indicated by the presence of a lag phase during growth. A popular herbicide, glyphosate, inhibited fungal growth, but it was also degraded by the fungus if it was applied in sublethal doses. This indicates that P. notatum may play an important role in biodegradation of organophosphonates. The strain which we used did not metabolize any of the phosphonates which we tested when they were used as sole carbon or nitrogen sources.
Biodegradation studies are important to our understanding of the environmental fate of man-made chemicals. A very desirable spin-off such studies would be the development of efficient and specific biological waste treatment systems in which microorganisms especially selected for individual substrates are used.
Organophosphonates, compounds with direct carbon-tophosphorus (POC) bonds, are widely used in industry, agriculture, and household cleaning products (5, 6, 10, 12) . Thus, thousands of tons of synthetic phosphonates have been introduced into the environment. Because the POC bond is chemically insert and is strongly resistant to chemical (hydrolytic, thermal, and photochemical) degradation (7), the potential for removal of these environmental phosphonates would be low if they could not be removed by phosphonate-degrading microorganisms. Indeed, it is well established that the ability to catabolize organophosphonates is widespread among bacteria, and many Escherichia, Klebsiella, Shigella, Enterobacter, Serratia, Pseudomonas, Rhizobium, Agrobacterium, Bacillus, and Arthrobacter strains are able to grow on phosphonates as sole sources of phosphorus, nitrogen, or carbon (1, 2-4, 9, 8, 9, 11, 15-24, 26-28, 32, 34) . However, our knowledge of the fate of organophosphonates in the environment is incomplete. This is due to the lack of studies on the biodegradation of these compounds by fungal species; the only exception to this is our recent report on the degradation of 2-aminoethylphosphonic acid (ciliatine) and ␤-ketophosphonates by Penicillium citrinum (33) .
In this paper we describe the ability of a wild-type strain of Penicillium notatum, which spontaneously grew on a solid sample of herbicidal di-n-butyl-9-hydroxyfluorenyl-9-phosphonate, to utilize a range of structurally diverse organophosphonates as sole sources of phosphorus for growth.
MATERIALS AND METHODS

Microorganism.
A strain identified as P. notatum (Westling) (new name, Penicillium chrysogenium (Thom) grew spontaneously on a solid sample of herbicidal 9-di-n-butyl-9-hydroxyfluorenyl-9-phosphonate (31) .
Taxonomic investigation. The strain which we used was cultivated on solid malt extract agar, steep agar, and Czapek media and was identified by using the method of Raper and Thom (25) as a strain of P. notatum (Westling) (new name, P. chrysogenium [Thom] ).
Media. All of the growth studies were carried out in Czapek liquid medium which contained (per liter) 30 g of saccharose, 0.5 g of MgSO 4 ⅐ 7H 2 O, 0.5 g of KCl, 3 g of NaNO 3 , 0.01 g of FeSO 4 , and 1 g of KH 2 PO 4 . When organophosphonates were used as sole sources of phosphorus, phosphate was replaced by phosphonates (final concentration, 1.0 mM). The pH of the medium was adjusted to 7.2 with a 1 M sodium hydroxide solution.
Chemicals. The phosphonates used in this study were synthesized by using procedures described previously (14, 29, 32) ; the names and compound numbers of these chemicals are listed in Table 1 . Glyphosate (N-phosphonomethylglycine) was supplied by Monsanto Agricultural Products, St. Louis, Mo. All of the phosphonates were found to be stable in aqueous media for at least 1 month at room temperature, and we did not observe decomposition during autoclaving.
All other chemicals were purchased either from Sigma Chemical Co., St. Louis, Mo.), or from Polskie Odczynniki Chemiczne, Gliwice, Poland.
Culture conditions. Preliminary studies of the growth of P. notatum on phosphonates (final concentration, 1.0 mM) as sole sources of phosphorus were carried out in test tubes that contained 5 ml of Czapek liquid medium and were inoculated with a spore suspension (2 ϫ 10 7 spores per ml). After 2 weeks of incubation at 28ЊC, the growth of fungi in each medium containing phosphonate as a sole source of phosphorus was compared visually with the growth of fungi in control media (i.e., media containing phosphate and phosphate-deficient media).
Growth kinetic studies were carried out in 300-ml Erlenmeyer flasks containing 100 ml of Czapek liquid medium. Cultures were inoculated with the spore suspension (2 ϫ 10 7 spores per ml) and incubated at 28ЊC on a shaking platform at 100 rpm. Every 2 or 4 days the cultures were filtered, and the dry mass of the mycelium was determined.
TLC. Culture filtrates were examined by performing thin-layer chromatography (TLC) with high-performance TLC plastic sheets precoated with Silica Gel 60 and a 254-nm fluorescence detector (F 254 ) for nano-tlc (20 by 20 cm; (Merck, Darmstadt, Germany). Chromatograms were developed by using n-butanolacetic acid-water (12:3:5) as the solvent system. Spots were visualized with UV light and by using the ninhydrin spray reagent.
Gas chromatography. The assay used to determine degradation of organophosphonates by P. notatum was a gas chromatography assay. Fungi were cultured for 20 days on media containing ciliatine, glyphosate, compound 6, compound 11, or compound 14 (Table 1) . Culture filtrates were extracted with chloroform, and the chloroform layers were analyzed with a Helwett-Packard model 5890 series II gas chromatograph equipped with a mass spectrum detector. In all cases no reminders of the carbon chain fragments derived from the organophosphonates tested were found.
RESULTS
Czapek liquid medium deficient in phosphate allowed significant growth of P. notatum on a range of compounds containing POC bonds, and there was only a little growth in the absence of phosphorus. The results of preliminary studies (Table 2) clearly indicated that nearly all of the phosphonates served as sole sources of phosphorus for growth of P. notatum. The fungus grew very well on 2-aminoethylphosphonic acid (ciliatine, compound 3), two phosphonodipeptides containing this acid (compounds 11 and 12), amino(3-methoxyphenyl) methylphosphonic acid (compound 6), (N-L-alanylamino) (4-methoxy-phenyl)phosphonic acid (compound 14), and 1-methyl-2-oxopropylphosphonic acid (compound 15). Only the phosphonic acid analog of proline (compound 8), 6-amino-6-phosphonohexanoic acid (compound 5), and phosphonoacetate (compound 16) did not support growth of P. notatum.
Compounds 3, 6, 10, 11, and 14, along with the popular herbicide glyphosate and its metabolite, aminomethylphosphonic acid (compound 2), were used for more detailed studies. We examined the kinetics of growth of P. notatum in the presence of these compounds as sole phosphorus sources. Ciliatine (compound 3), as well as both peptides (compounds 11 and 14), supported significant growth of P. notatum. In contrast to growth on inorganic phosphate, utilization of these phosphonates exhibited a typical lag phase; the maximal values for mycelium dry mass were observed far later than the maximal values observed in the presence of inorganic phosphate (Fig. 1) . However, these values were comparable to or even slightly higher than the values observed for growth on phosphate. Fungi growing on ciliatine differed from fungi growing on complete Czapek medium in that sporulation was disturbed (single, irregular spores were produced). However, normal growth was restored when the mycelium was transferred to the parent medium. We observed similar fungal growth kinetics when compound 6 was used as the sole source of phosphorus (data not shown). Utilization of compounds was confirmed by both TLC and gas chromatographic analyses of the culture filtrates. Neither ciliatine nor compound 6 nor the organic products of their biodegradation were detected, suggesting that these organophosphonates were completely utilized. A TLC examination of filtrates of media containing both phosphonopeptides confirmed that cleavage of peptide bonds preceded utilization of phosphonates. As Fig. 2 shows, glycylciliatine (compound 11) was completely degraded, yielding glycine and an unidentified ninhydrin-positive product. The utilization pattern observed with compound 14 was more complicated, but our data clearly indicated that at least one of the stereoisomers of this peptide disappeared. No other organic products were found in chloroform extracts of the filtrates.
As Fig. 3 shows, P. notatum grew less efficiently on compounds 2 and 10 and only slight growth was observed on glyphosate (compound 1). Glyphosate is a broad-spectrum postemergence herbicide that inhibits 3-enolpyruvylshikimate-5-phosphate synthase (EC 2.5.1.19), an enzyme involved in biosynthesis of aromatic amino acids. If this is true, glyphosate should also act as an inhibitor of fungal growth. In order to test this hypothesis, we decreased the concentration of this compound from 1 to 0.5 mM. This resulted in a significant increase in fungal growth, showing that P. notatum is able to degrade this herbicide. Since the growth of mycelia on various organophosphonates usually reached the maximum level after 20 days of cultivation, we determined the mycelium dry mass of fungus cultures grown with lower concentrations (0.5 mM) of some of the phosphonates. We observed a more than twofold increase in fungal growth with the lower organophosphonate concentration with glyphosate and significant decreases in the growth rate with the other phosphonates (data not shown). A TLC examination of the filtrates obtained after degradation of glyphosate (Fig. 2) indicated that the herbicide underwent transformation to aminomethylphosphonate (compound 2).
DISCUSSION
P. notatum did not utilize any of the phosphonates tested as a sole source of nitrogen or carbon. However, it exhibited significant growth on a range of structurally diverse organophosphonates when they were used as sole sources of phosphorus. The enormous potential of this organism may result from the fact that it grows spontaneously on herbicidal organophosphonate. Our findings also indicate that fungi may play an important role in biodegradation of compounds containing POC bonds. Organophosponate-degrading systems have been studied previously by using bacterial species, and there is no evidence that similar systems exist in fungi. However, the similar substrate specificity patterns observed in P. notatum and many bacterial species allow us to speculate that the mechanisms that cleave POC bonds in these organisms might be similar. To date, three unique bacterial POC bond-cleaving enzymes have been characterized. The best understood of these, phosphonoacetaldehyde hydrolase (phosphonatase), catalyzes the hydrolysis of phosphonoacetaldehyde to acetaldehyde and inorganic phosphate (Fig. 4, path A) by using the protonated Schiff base mechanism (13) . This pathway is a standard mode of utilization of ciliatine that undergoes transamination, yielding phosphonoacetaldehyde, a substrate for phosphonatase. Most of the bacteria that use this system also utilize ciliatine as a sole source of nitrogen for growth. Since P. notatum did not utilize ciliatine as a nitrogen source, this mechanism seems to be disputable. When P. notatum mycelium grown for 18 days on compound 6 or on ciliatine was transferred to medium containing ciliatine as the sole phosphorus source, utilization of these phosphonates still required a lag phase. This finding, although difficult to rationalize, suggests that the mechanism of biodegradation of ciliatine may be more complex. This suggestion was supported by the observation that glycylciliatine was degraded. In this case cleavage of the peptide bond preceded the degradation of ciliatine and the formation of small quantities of an unidentyfied ninhydrin-positive compound was observed ( Fig. 2) . Such formation of an additional compound was not observed in Pseudomonas fluorescens (32) . A second enzyme, phosphonoacetate hydrolase, catalyzes the hydrolysis of phosphonoacetate to acetate and inorganic phosphate (Fig. 4, path B) via metal cation-assisted POC bond cleavage (17) . However, this enzyme seems to be specific for only one substrate, phosphonoacetate. Phosphonoacetate is not degraded by P. notatum, and the possibility that this mechanism occurs in P. notatum may be ruled out.
Finally, the collection of proteins known as C-P lyase (2, 19, 30) catalyzes the hydrolysis of a broad spectrum of organophosphonates (Fig. 4 , path C) by using either a single electron reduction pathway or an oxidation pathway. Because P. notatum is able to degrade a wide range of structurally diverse organophosphonates, this mechanism most likely also operates in this fungus. In some cases, however, biotransformation of the organophosphonate molecule (cleavage of a peptide bond or release of aminomethylphosphonic acid from glyphosate) precedes cleavage of the COP bond. Such a mechanism was also observed in P. notatum. Although glyphosate supported only moderate fungal growth, a TLC examination of the growth medium indicated that the herbicide is converted to aminomethylphosphonic acid, which is then slowly utilized by the fungus. This finding suggests that P. notatum may play an important, undiscovered role in the biodegradation of glyphosate, as well as in the metabolism of other organophosphonates.
